we probed brain lysates from mice lacking Cdk5 or its activators. Lack of p35 resulted in a decrease of S732 1999; Stevens et al., 1996) . Since FAK null mice die prior to the majority of brain development (Ilic et al., 1995) , it phosphorylation at several developmental stages (Figure 2C ). Lack of Cdk5 or both activators abolishes phosremains undetermined whether FAK plays a role in the development of the nervous system, and if FAK funcphorylation of FAK at S732 ( Figure 2D ), while S722 phosphorylation is unaffected (pS722, Biosource). This data tions in neurons through mechanisms other than modulation of focal adhesion dynamics.
indicates that S732 phosphorylation is dependent on Cdk5 activity at different developmental stages in vivo. In the present study, we identify FAK as a physiological substrate of Cdk5 during neocortical development.
Furthermore, FAK S732 phosphorylation is markedly reduced in adult brain lysates ( Figure 2C ), suggesting a We present evidence that S732 phosphorylation of FAK is Cdk5-dependent and critical for organization not of developmental role for Cdk5 phosphorylation of FAK. We also checked for differences in FAK activity in the the actin cytoskeleton but, rather, a small network of microtubules that partially encompass the nucleus. We absence of S732 phosphorylation. Both tyrosine 397 and overall FAK tyrosine phosphorylation are commonly demonstrate that a nonphosphorylatable FAK S732A mutant disorganizes this microtubule network and imused as readouts of activity ( 
. The postmitotic neuronal marker Hu shows a similar optimal for Cdk5 phosphorylation (SPQH). To investigate if Cdk5 phosphorylates FAK, different domains staining pattern, suggesting that Cdk5 phosphorylated FAK is mostly localized to neurons. When the pS732 were fused to GST, expressed in bacteria, and purified ( Figure 1A) . GST-FAK-3, which encompasses most of antibody is preabsorbed with the phosphopeptide used as antigen ( Figure 3B ), or sections are pretreated with the proline-rich domain, was the only fragment phosphorylated in vitro by Cdk5 ( Figure 1B ). This fragment phosphatase ( Figure 3C ), the staining is abolished. Most of the staining is also eliminated in sections from Cdk5 contains the optimal site S732, as well as a potential site at S722. Mutagenesis of these sites to nonphosnull embryonic brains, though a slight nonspecific background remains ( Figure 3D ). This data suggests that phorylatable alanine residues shows that S732 is the only site phosphorylated by Cdk5, as phosphorylation Cdk5-dependent S732-phosphorylated FAK is present in postmitotic neurons throughout most of the developof the S732A fragment is undetectable, while the S722A fragment is still phosphorylated by Cdk5 ( Figure 1C) . ing neocortex. The residues composing the consensus site for Cdk5 phosphorylation at S732 are conserved throughout ver-S732-Phosphorylated FAK Localizes tebrates ( Figure 1D) Figure 4A , Z2, white arrows). This network of microtubules consists of and S722A-GST-FAK-3 fragments that have been phosphorylated, but not S732A-GST-FAK or nonphosphorya structure with two or more branches of thick ␤ III tubulin-positive bundles abutting the nucleus that conlated fragments (Figure 2A) , indicating that the antibody is specific to S732-phosphorylated FAK.
verge at a perinuclear site, giving the appearance of a fork. This pS732 staining pattern is not observed in In embryonic mouse brain lysate, the pS732 antibody recognizes a band corresponding to the size of FAK cultures that were made from Cdk5-deficient mice (see cleus remains relatively consistent throughout this entire or Lacking Cdk5 movement, and no abnormalities are distinguishable. Nuclei of neurons transfected with GFP-FAK consisHowever, in neurons expressing GFP-FAK-S732A (Figtently had elongated, oval shapes, while GFP-FAK- ure 7A, bottom; Supplemental Movies S3 and S4), the S732A transfected cells often had more rounded nuclei. movement of the leading pole is often delayed relative To quantify this nuclear morphology difference, we deto that of the trailing pole or barely observed throughout fined the nuclear diameter in the direction of the leading the recording period. This difference in movement beprocess as nuclear length and a perpendicular direction tween the two nuclear poles results in an altered moras nuclear width, and assessed the ratio of nuclear phology in which the nucleus transitions from an elonlength relative to width. This ratio is significantly degated, oval shape to a much more rounded form. creased in neurons expressing mutant FAK relative to To quantify this change in nuclear morphology, we FAK ( Figure 6D ; p Ͻ 0.0001; n ϭ 31). We also looked at assessed the nuclear length to width ratio at different nuclear morphology in brain sections from Cdk5-defitime points. The first time point was the beginning of cient embryos ( Figure 6E) . Quantification of the most the recording, which we described earlier as displaying elongated nuclei in the cortical plate and intermediate a significant difference between GFP-FAK-S732A and zone revealed that Cdk5-deficient nuclei are signifi-GFP or GFP-FAK ( Figure 7B , black columns). The seccantly more rounded than those of wild-type littermates ond time point was defined as when the leading pole of ( Figure 6E significant enrichment of FAK in the centrosome fracthe proximal portion of the nucleus in relation to the leading process of a neuron. We further show that migrations of Cdk5-deficient brains relative to littermates (Figure 7E) . This data shows that Cdk5 phosphorylation of tion of neurons is defective when the S732A mutant of FAK is expressed in the embryonic mouse brain. This FAK is critical for preventing FAK accumulation in the centrosome.
FAK phosphorylation mutant also disrupts synchrony in movement of the proximal and distal poles of the nucleus, which may account for the observed migration Discussion abnormality in vivo. An accumulation of FAK at the centrosome accompanies the defects in nuclear movement. Cdk5, the reelin pathway, doublecortin, and the human type I lissencephaly gene Lis1 have been identified as Based on these observations, we put forth the hypothesis that S732 phosphorylation of FAK by Cdk5 regulates major players in the regulation of neuronal positioning. To date, the signaling events downstream of these molemicrotubule based nuclear translocation and, in turn, neuronal migration. cules that underlie neuronal migration are still unclear. In this study, we demonstrate that phosphorylation of FAK by Cdk5 is critically involved in the migration of
FAK Is a Physiological Substrate of Cdk5
In vitro kinase assays and immunoblot analysis using a neurons during cortical development. We show that S732 phosphorylation of FAK is important for sustaining phosphospecific antibody demonstrate that Cdk5 phosphorylates FAK at S732. Phospho-S732 FAK is barely a microtubule network, the fork-like structure that abuts detectable in adult brain lysates and not detectable in A Properly Organized Fork Is Important for Nuclear Translocation embryonic lysates from Cdk5-deficient mice, suggesting a developmental, Cdk5-dependent role for S732 Nucleokinesis is a well-established behavior of migrating neurons that is thought to be critically dependent phosphorylation. FAK is well established as a mediator of cell migration outside of the nervous system and on microtubules. Microtubule-dependent nuclear positioning involves a tight association between the MTOC is highly expressed in the developing brain. Our data suggests that FAK is directly downstream of Cdk5, a and the nucleus (Reinsch and Gonczy, 1998). In eukaryotic cells, the centrosome is the major MTOC. We hycritical regulator of neuronal positioning. FAK is therefore a reasonable candidate to mediate some of the pothesize that the microtubule fork described here is essential for achieving the tight association between effects of Cdk5 during the development of the neocortex.
the centrosome and the nucleus required for proper nucleokinesis. Three lines of evidence support this hypothesis. First, immunostaining shows that the fork proCdk5 Phosphorylation of FAK at S732 Promotes vides a direct link, as its branches abut the nucleus and the Organization of a Microtubule Fork converge at the centrosome. Secondly, when the S732A While most studies on FAK have demonstrated a funcmutant is overexpressed and the fork is disorganized, tional role at actin-cytoskeleton-based focal adhesions, time-lapse imaging demonstrates impaired nuclear our immunostaining demonstrates that Cdk5-phosphormovement. Third, Lis1, Nudel, and Dynein, whose homoylated FAK decorates a microtubule structure that abuts logs control nuclear distribution in Aspergillus nidulans the nucleus and is also present around the MTOC. Taken (Lambert de Rouvroit and Goffinet, 2001; Morris et al., together with the microtubule preps, this data suggests 1998), all localize to the fork. that Cdk5-phosphorylated FAK is specifically enriched Neurons that overexpress FAK-S732A show a differon microtubules.
ence in movement between the poles of the nucleus The microtubule structure consists of two or more proximal and distal to a thick process. While the distal thick branches that abut roughly half of the top of the portion of the nucleus begins to translocate, the proxinucleus in cultured neurons. Since the branches usually mal pole fails to move in tandem. This results in a more converge at a perinuclear spot, the structure takes on rounded nuclear morphology, suggesting that the phosa fork-like appearance. The point of convergence of the pho-FAK organized microtubule fork is important specifbranches is the centrosome, as immunostaining shows ically for movement of the nuclear pole proximal to the an enrichment of ␥-tubulin around this perinuclear site. leading process, but not the distal pole. This idea is Other microtubule networks around the nucleus have supported by the immunostaining showing that the fork been described in migrating neurons, most notably a does not abut the entire nucleus, but roughly only the cage-like web of microtubules surrounding the nucleus half proximal to a thick process. It is possible that a of cerebellar granule cells (Rivas and Hatten, 1995) .
properly organized fork lying directly on the nucleus While this structure circumscribes the entire nucleus and tethered to the centrosome grasps and pulls the and consists of several bundles of microtubules, the proximal pole of the nucleus in the leading process. This fork we describe in neocortical neurons only partially suggests that distinct mechanisms regulate translocaencompasses the nucleus and usually consists of just tion of different nuclear poles. a few branches.
Overexpression of a nonphosphorylatable FAK mutant or lack of Cdk5 activity suggests that phosphoryla- Confocal microscopy was performed using a Zeiss LSM 510 system were made by PCR mutagenesis that replaced S722 or S732 with (Zeiss, Thornwood, NY) at Harvard Center for Neurodegeneration an alanine. All constructs were verified by sequencing. The plasmids and Repair. The 3D reconstructions of confocal images used LSM for Cdk5, p35, and p25 have been described (Patrick et al., 1999) .
5 Image Examiner software (Zeiss, Thornwood, NY) or Volocity (Improvision, Lexington, MA). Z series images of transfected cells from in utero electroporations were obtained on a Nikon inverted microAntibodies To generate the phospho-S732 antibody, rabbit antiserum was scope linked to a DeltaVision deconvolution system (Applied Precision, Seattle, WA) and 3D reconstruction of Z series images was raised against the phosphopeptide SEGFYPpSPQHMVC (residues 726-737 of mouse FAK with the addition of a cysteine at the C performed using softWoRx (Applied Precision, Seattle, WA). For time-lapse imaging, neurons were incubated in imaging media (soterminus). The antiserum was preabsorbed through the cognate nonphosphopeptide column and then affinity purified with the phosdium bicarbonate-free DMEM/F12 (GIBCO, Grand Island, NY) supplemented with N2, 1 mM Glutamine, 25 mM HEPES, 1 mM pyruvic pho-S732 peptide column using a SulfoLink kit (Pierce, Rockford, IL). The following antibodies were also used: FAK 2A7 (Upstate acid, 0.1% ovalbumin, 0.6% glucose) in a dish whose temperature was maintained at 37ЊC by a circulating waterbath (VWR Scientific,
